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Abstract
The α decaying nuclei near

100

Sn can provide a unique opportunity to study how the

proximity to the N = Z line effects the α decay probability. It was hypothesized that
these decays near 100 Sn would have an increased preformation probability and thus higher α
emission probability.
The α decay of

104

104

Te is a special example where the effects manifest most drastically.

Te can provide useful insight into how proton-neutron interactions affect

the formation of an α particle in the nucleus.

The effects on α decay from particles

interactions between particles in the same orbitals can be studied because of the selfconjugate and doubly magic nature of

100

Sn. From previous experiments, the half-lives

of nuclei in the region are found to be very short. In a recent experiment, the lifetime of
104

Te was given an upper limit of 18 ns. For the half-life of 104 Te to be accurately measured,

a new detection technique will be implemented and a fast detector system has been built.
Performance tests were carried out to prove the ability of a position-sensitive scintillator
system, to measure the fast half-lives in the

108

Xe to

100

Sn α decay chain at an approved

experiment at the RIKEN facility in Japan. Along with studying the 108 Xe decay chain, the
experiment will be able to study the lifetime of the first excited state of
in the α decay of

105

101

Sn populated

Te. The detector system will have dual capabilities, with the inclusion

of LaBr3 γ ray detectors, allowing for fast α-γ coincidence measurements to study excited
states.
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Chapter 1
Introduction
For every element, the number of neutrons can vary. From this, there are about 3000 known
atomic nuclei where most are unstable. These radioactive nuclei can decay via various known
modes. One of them is α decay, which occurs when the α particle tunnels through the
Coulomb barrier created by the nucleus. Gamow first proposed to implement the tunneling
model using quantum mechanics. In this model, the wavelike properties of particles allow for
there to be a non-zero probability for the particle to travel from one region to another when
separated by a finite potential barrier [4]. Tunneling is not possible in classical mechanics.
In the α decay transition, the mass of the nucleus decreases by 4 atomic mass units (amu),
due to an α particle being a 4 He nucleus [9], as shown in the equation,
A

Z → (A−4) (Z − 2) + 4 He

With A Z being the parent nucleus and

(A−4)

(1.1)

(Z − 2) being the daughter nucleus. The energy

in the decay is given by Qα , which is the difference between the rest mass of the parent
nucleus, Mp , and the daughter nucleus, Md , and α particle, Mα [9].
Qα = Mp − Md − Mα

(1.2)

When the Qα values is positive, then the reaction is energetically favorable and occurs
spontaneously [9].

1

1.1

Motivation

It has been known that some radioactive nuclei α decay since the early 20th century [18].
Early on, these decays were focused mainly on naturally occurring isotopes, such as Uranium.
From these decays, Rutherford was able to determine that the α particle was simply the
nucleus of the 4 He atom by establishing the particle’s charge to mass ratio [18]. Looking at
a chart of nuclei, Figure 1.1, there are many nuclei which α decay. Due to the higher Qα
values, α decay becomes more prominent in the heavy and superheavy elements. The higher
Qα value indicates there is more energy in the decay, making the decay more energetically
favorable. With so many nuclei decaying via α decay, it is important to be able to fully
describe the mechanics behind this decay. Currently, there are evolved Gamow models that
capture how the particle is able to escape the nucleus, but the question remains of how the
four nucleons form within the nucleus. The α decay is similar to spontaneous fission, where
Zelevinsky and Volya describe the process as a “junior-relative” [28]. In this case, the α
particle is simply the smaller fragment from fission. Knowing the interactions that occur
between protons and neutrons and how they influence clustering can also lead to better
models for nuclear fission.
The first studies of α decay studies examine heavy nuclei until Macfarlane and Siivola
in 1965 found a new region of α decay near
interesting due to

100

100

Sn [11]. This area in the chart of nuclei is

Sn having the same number of protons and neutrons, where both are

magic numbers, N = Z = 50. Treating the daughter nucleus as a closed core, one can
investigate how valence protons and neutrons interact when they are in the same states.
Specifically,

104

Te α decays to

before decay. Currently,
daughter nucleus,

208

212

100

Sn allowing for insight into how the α particle is formed

Po is considered to be a reference nucleus for α decay since its

Pb, is doubly magic. Recently, an experiment was able to study the

decay chain of 108 Xe to 100 Sn, allowing for experimental incorporation into theories regarding
α decays in this region, but the few experimental points create large uncertainty [2].
An experiment to measure the α decays in the

100

Sn region with a fast detector system

has been approved at the RIKEN facility in Japan. The measurements would be focused
on the

108

Xe decay chain, but would also allow for measurements of similar decays in the

2

Figure 1.1: A chart of nuclides showing the various decay modes from NNDC [13]. This
highlights the different areas in which α decay has been observed.
area, such as the

109

Xe decay chain. Previous measurements of α decays near

100

Sn have

found decays to excited states, which are then followed by γ emissions [10]. Using a fast
detector system, these coincidence measurements can be made to determine the lifetime of
the excited state. It is predicted that the M1 transition to the first excited state in

101

Sn

is retarded because it connects two orbitals with ∆L = 2 [3, 1]. Both of these decay chains
are detected through pileup signals in the detectors. This occurs when two decay events are
detected sequentially, causing two pulses to be seen in the detector event.
For this experiment to be successful, a fast detector system has to be designed and
tested to measure the fast half-lives. Previous work has shown that position sensitive
photomultiplier tubes (PSPMT) are capable of detecting fast pileups [25]. A goal of this
work is to show how a fast scintillator, such as Y2 SiO5 (YSO), coupled to a PSPMT with a
fast digitizer will be able to distinguish pileup in detection traces down to 10 nanoseconds
(ns). Alongside a PSPMT, LaBr3 (Hybrid Array of Gamma Ray Detectors, HAGRiD[19])
γ ray detectors will be used in coincidence to measure lifetimes of excited stated in the

3

decay chain of 109 Xe. Testing is done to ensure fast timing measurements between these two
detectors will be less than 1 ns, to measure the lifetimes of the excited states.

1.2

Previous Experimental Results

Until recently, there were no direct measurements of the

104

Te α decay, forcing theories on

proton and neutron interactions to be based on the decays of neighboring Tellurium nuclei.
Specifically, the decay chain of

109

Xe was studied, showing how the decays of Tellurium

isotopes consistently yield a larger preformation factors than isotopes of Polonium [10]. This
indicates that there could be an increased interaction between protons and neutrons when
they are in similar energy states. For easier comparison between nuclei near 100 Sn and 208 Pb,
a preformation factor can be used,
Wα =

δx
δ212P o

(1.3)

Where δx is the so called reduced width of the nuclei of interest [17], and δ212P o is the reduced
width of the well studied

212

Po decay. The reduced width gives information as to how the α

particle preforms in the nucleus. Using this, Liddick, et. al. found the preformation factors
of

109

Xe to be close to 1, whereas

105

Te had a preformation factor of 2 [10]. This shows that

the α particle forms much easier in the Tellurium nucleus than the Xenon nucleus. Due to
the larger reduced width, the half-life of the Tellurium nucleus is smaller than the Xenon
nucleus. Figure 1.2 shows the data from Ref [10] for the Tellurium and Polonium isotopes,
except

104

Te which uses Ref [2]. Large differences of the preformation factor between the

two elements become apparent as one approaches the decays to the doubly magic nuclei.
In both elements, there are apparent even-odd effects in the preformation factor, with the
even nuclei yield higher values. Overall the Tellurium isotopes have a larger preformation
factor than the corresponding Polonium isotopes, indicating an influence of proton-neutron
interactions having a larger influence when at the same energy levels.
To further investigate this problem, Auranen, et. al. measured the α-decay chain of 108 Xe,
using a double-sided Silicon strip detector (DSSD) [2]. This detector provided good energy
resolution for measuring the α energies, as well as the ability to measure pileup signals for
the half-life. This is the same technique as used previously in this region of nuclei [10]. After
4

Figure 1.2: Plotted data from Ref [10, 2], where the preformation factor (Wα ) is on the
vertical axis and the neutron number above the decay to a doubly magic nucleus is on the
horizontal axis.
applying cuts on the energy of the decays, two events of this decay chain were found. From
these two events, the half-life of 108 Xe was estimated at 58 µs and an upper limit for the halflife of 104 Te was found to be 18 ns [2]. Due to the half-life of 104 Te being very fast, the pileup
method becomes difficult while using DSSDs because the risetime of the detector is much
longer than the decay of

104

Te. To account for this, Auranen, et. al. compared the second

derivative of their event traces with simulated pileup traces with various time differences to
find an upper limit for the half-life. From these decays, the preformation factors for
and

104

108

Xe

Te were found to be 3.7 and ≥ 13.1, respectively [2]. From these values, there is a

strong indication of proton-neutron interactions in the same orbital influencing how the α
particle forms in the nucleus. While this measurement is a crucial discovery, the low number
of events requires another measurement with better statistics, and an improved ability to
measure the half-life of these fast decaying nuclei. Xiao, et. al. attempted to measure the
108

Xe decay chain with a fast scintillator detector and the same energy cuts, but only found

two possible events [25]. From these two events, the half-life was given an upper limit of 4

5

ns, as there was little evidence of pileup structure in the events, but these events were not
able to be completely assigned to the decay chain of

108

Xe as they might have come from

β-delayed proton emission [25]. The energy resolution of the YAP based scintillator detector
didn’t allow them to make the assignment unambiguously. The possibility of these decays
being from the decay chain of interest opens the possibility of an even larger preformation
factor with such a small half-life.

6

Chapter 2
Overview of α decay models
While the first measurements of α decay were measured at the turn of the century, it
would not be until 1928 that theories as to how the α particle is emitted from the nucleus
would be constructed. At this time, Gamow [4] worked parallel to Gurney and Condon [6],
where both formulated a model of α decay resulting from the particle tunneling through a
potential barrier created from the Coulomb interactions in the nucleus. Tunneling is a direct
result of the quantum mechanical wave nature of the particles, as in classical mechanics a
particle is unable to travel across a potential without having the required energy. Quantum
mechanically, tunneling is allowed when the potential barrier is finite due to the nature of
the wave function. Outside of the Coulomb barrier, the energy of the α emission is a result
of the Coulomb interaction between the daughter nucleus and the α particle.
α decay follows the same probabilistic formalism as other decays, the law of exponential
decay [6],
N (t) = N0 e−λt , λ = 1/T

(2.1)

Where λ is the decay constant, inversely related to the lifetime, T . Classically, the decay
constant can be separated into λ = f P , where f is the frequency of the particle attempting
to penetrate the barrier and P as the probability of tunneling through the barrier [9]. f
comes from the frequency of the α particle moving within the barrier with some energy and
attempting to tunnel through the barrier. From this, both the energy of the particle as well
as the width of the barrier influence the frequency. This is only relevant when the particle

7

Figure 2.1: A diagram for a particle tunneling through a potential barrier formed by a
nucleus, from [6]. Where V is the potential curve and W is the energy of the particle.
is within the barrier. Quantum mechanically, a factor which represents the probability of
the α particle forming in the nucleus, A2α , can be included such that, λ = A2α f P . This
preformation term can then be transformed into the reduced α decay width, δ 2 , introduced
by Rasmussen in 1959 [17]. The reduced width is then related to the decay constant and the
penetration probability through,
δ2P
λ=
h

(2.2)

Where h is Planck’s constant. From this, the preformation probability of the α particle
being formed in the nucleus is known. With this equation, Rasmussen was able to directly
observe the α particle preformation probability, through the reduced width, for many eveneven nuclei. The first effort to formulate a microscopic description of how the α particle
preforms in the nucleus was attempted by Mang, et. al. The resultant theory created a
wave function where the α particle is free to move in the potential well created by what
would become the daughter nucleus [12]. Using this formalism, Mang was able to produce
theoretical calculations for the reduced widths of for Polonium isotopes near
found a sharp increase in the reduced width between

210

Po and

212

208

Pb. Mang

Po, indicating that there

could be an increased probability of the α particle forming in the nucleus.

208

Pb is considered

doubly-magic, meaning it has a magic number of protons, Z=82, and neutrons, N=126. The
shells for the protons and neutrons would then be filled for

208

Pb, allowing for the

212

Po α

particle to be comprised of valence nucleons, indicating a greater probability of preformation
8

and a higher reduced width. On the other hand, for the α particle to form in 210 Po neutrons
have to be taken from a closed shell, decreasing the likelihood of a formation of the α particle
and a smaller reduced width [12].
While there is some evidence that the α particle forms in the nucleus, the reason as
to how the particle is formed in the nucleus is unknown. Recently, there have been many
attempts to try and describe the mechanism behind the creation of the α particle and how
certain factors, such as the potential barrier or nuclear deformation, influence α decay. Many
of these models are considered microscopic models because they look specifically at how the
α particle is formed. Other models take a phenomenological approach to describing α decay,
where the models are based on previous experimental data, such as decay energies or halflives, that is then used to predict the behavior of less-studied nuclei.

2.1

Phenomenological Models

Phenomenological models differ greatly from the microscopic models, as they rely on previous
experimental data, such as the Q values and half-lives, and then incorporate these directly
into the model as a way to extrapolate to unknown nuclei. In these models, the α particle
is assumed to already be preformed within the nucleus. The models then use adjustable
parameters as a way to fit these experimental values, where the meaning of these parameters
can be difficult to explain physically. First parameterizations for α decay came in 1911, when
Hans Geiger and John Nuttall were able to relate the lifetime of an α decay to the energy
of the emitted α particle in the form [5],
a
+b
log10 T = √
Eα

(2.3)

With this, changes in MeV of the particle energy yield orders of magnitude changes in the
lifetimes of parent nuclei. The Geiger-Nuttall law then becomes important when measuring
very short lived nuclei, such as

104

Te, as the energy measurements can vary greatly. The

Viola-Seaborg formula [23] is an extension of the Geiger-Nuttall law, Equation 2.3, having

9

Figure 2.2: Showing how the relationship of an α particle to the deformation of a nucleus
effects the radius of the nucleus, similar to Ref [26]. Where β is the deformation parameter,
taken from previous measurements.
the form,
aZ + b
+ (cZ + d) + h0
log10 Tα = √
Qα

(2.4)

Where Z is the charge of the nuclei and a, b, c, d, h0 are all free parameters to be found, but
h0 is specifically for odd neutron or proton numbers.
A more recent phenomenologicalist is Koura, who builds upon the Viola-Seaborg
formula by relating the logarithm of the half-life to the Coulomb potential and centrifugal
potential [8]. In this model, the probability of formation is found through the product of the
four single-particle wave functions, where two are protons and two are neutrons, similar to Id
Betan. Applying this method to the known α decaying nuclei, Koura finds significant jumps
at various neutron numbers, such as the shell model magic number N=126. Koura attributes
this enhancement in α decay to nuclear deformation for the large nuclei, but this could be a
result of a multitude of factors, such as interactions between protons and neutrons outside of
core nuclei. Using this model, Koura focuses his extrapolation on super-heavy nuclei, such
as Z=126 or Z=164. Both of these are much larger than the current largest known element,
Oganesson, Z=118. The model is able to reproduce a value of ≈ 49µs for the half-life of
106

Te, compared to the experimental value of 70µs, indicating the model could work for the

Tellurium isotopes.
Xu and Ren [26] differ from some phenomenologicalists, as they analyze how nuclear
deformations effect how the α particle is able to tunnel through the barrier. This is considered

10

the density-dependent cluster model (DDCM), which depicts the width of the potential
well being dependent on where the α particle forms on the surface, either inline with the
oblate axis or the prolate axis, as shown in Figure 2.2. Using previously found deformation
parameters, Xu and Ren are then able to adequately reproduce similar half-lives of known
α emitters. While this can be very important for heavy and superheavy nuclei that α decay,
in the region of 100 Sn it is not as influential, due to the spherical nature of the self-conjugate
nuclei. Xu and Ren later use a quartetting approach to modeling the clusterization of
nucleons to create an α particle [27]. In this approach, the α particle is thought to form in the
nuclear region of least density, because of this there is an expected radius where the particle
would form at or outside the radius. In both of these models, the formation probabilities are
212

small, even for doubly magic

Po, but the preformation factor was found to change with

respect to the energy difference between the chemical potential and the tunneling energy.
This factor was not taken into account for the DDCM, where the formation probability was
held to be small for all nuclei.

2.2

Microscopic Models

Microscopic models vary the composition of the potential barrier, to try to better describe
the process of α decay, and how the particle can cluster within the nuclear potential. Due to
advancements in nuclear structure studies and the incorporation of the shell model, many of
these decay models begin with a Woods-Saxon or double-folding potential well to describe
the different energy states for the nucleons.
Id Betan and Nazarewicz use a method which builds on Mang’s theory, where the α decay
is formulated using the wave functions of the particles. They proposed the idea that these
“superallowed” α decays are due to overlaps in the shell model single-particle wave functions
for the valence neutron and protons [7]. The paper finds that the Woods-Saxon potential
yields a reduced width for

212

Po an order of magnitude smaller than those calculated using

a harmonic oscillator potential because the harmonic oscillator does not know of particle
thresholds. This follows up on ideas put forward by Okolowicz, et. al. which describe
nuclear clustering to be a threshold effect in the Gamow shell model. In this model, the
11

continuum of unbound states couples with the valence states [14]. Id Betan continues to
discuss the decay width for

212

Po, where there is some dependance on the radius, but this

dependence is small near the nuclear surface. At the nuclear surface, the decay width was
found to be much smaller than the experimental values, but as one leaves the nuclear surface,
the decay width increases. The smaller value for the decay width is corrected by the inclusion
of a spectroscopic factor, which relates the single-particle decay width to the full α decay
width. Using a similar analysis as for

212

Po, Id Betan finds the decay of

104

Te to be on the

order of 10−7 seconds with an α decay energy at 5.151 MeV, but the decay width found for
104

Te is found to be similar, if not lower than that of 212 Po [7]. The decay of 104 Te differs from

212

Po in the spectroscopic factor, where it does not converge for 104 Te as it does for212 Po. Id

Betan credits this to the valence proton shell lying in the continuum.
Okolowicz et. al. describe a model where clusterization in nuclei is an effect from the
decay threshold, where the cluster correlations in the wave function form from coupling to
nearby decay channels [14]. Applying this to heavier nuclei, such as the 100 Sn region, because
α decay is so likely, one might expect the α particle to form through coupling to the decay
channel. Then at

104

Te, since the decay is superallowed, the particle formation would be

expected to be very high and the same for two α particles to form for

108

Xe. Some support

for this theory can be found in Ref [2] where the preformation factors, Wα =δ/δ212P o , are
found to be 3 times as large as neighboring nuclei. This theory might not be adequate
since it is based, and solved, for light nuclei, such as

12

C, and the heavier nuclei have larger

potentials, which would affect the continuum. While α decay in this region might be much
more preferred, the complexity of having 10 times more nucleons could breakdown the theory.
Even in other models, such as the multistep shell model evaluated by Patial, et. al.,
the α particle is concluded to form on the surface of the remaining nucleons, which form
the daughter nucleus [15]. This model differs from others because of the strong inclusion
of proton and neutron interactions for the wave function. The predicted half-life for
was calculated to be an order of magnitude lower than that of

212

104

Te

Po, where two orders of

magnitude in the calculated half-lives are resultant from the inclusion of a preformation
factor [15]. The preformation factor for
212

104

Te was found to be much larger than that for

Po, showing α particle correlations in the Te nuclei that are not found in Po nuclei, thus
12

the proton-neutron interactions are more important in describing the decay of
comparing α particle preformation probabilities, Patial, et. al. found the
times larger than that of

212

Po [15].
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104

104

Te. When

Te to be 4.85

Chapter 3
Fast Detector System Development
In order to measure an expected half-life of about 10 ns for 104 Te, a fast detector system must
be designed and tested. The detector system will also need to be able to measure γ rays from
excited states in the 109 Xe decay chain, which are expected to have a lifetime near 1 ns. Due
to the very fast lifetimes, a XIA Pixie16 500 mega samples per second (MSPS) digitizer will
be used in the experiment. This module, manufactured by XIA[24], includes 16 channels,
all with a 500 MSPS sampling rate, leading to a data point every 2 ns. Timing algorithms,
such as a fitting method or polynomial constant fraction discrimination (PolyCFD [22]), has
to be implemented in the analysis for sub-nanosecond timing resolution.

3.1

Digitizer Testing

With the expected half-life of

104

Te being extremely small and previous attempts at

measurements having very large errors, the digitizer must be tested to ensure that it can
distinguish two signals less than 10 ns apart. The previous measurement, done with a 100
MHz digitizer, demonstrated it was impossible distinguishing the pileup in the trace.[2] To
test the capability of the 14 bit 500 MHz digitizer, a simple set up was created with an
arbitrary waveform generator sending a signal directly into the digitizer, using a Tektronix
AFG 3102 dual-channel arbitrary function generator.[21] The waveform generated was
modeled after a fast photomultiplier signal, with a rise time of 5 ns and a decay of 50

14

ns. To create a second, delayed signal, the original signal was split and reflected by an open
wire, as shown in Figure 3.1.

Figure 3.1: The setup used to created a delayed signal from the waveform generator to
test the timing capabilities for the 500MHz digitizer.
The set up was first tested with a wire of 1 meter, the reflected pulse is clearly delayed.
By varying the length of the wire, the time displacement between the two signals can be
changed, where a length of 30 cm gives the desired time difference of 10 ns for the decay of
104

Te after a decay of

108

Xe, as shown in Figure 3.2. It is evident that even by eye, one is

able to distinguish two signals in pileup.
Pulse Height (bins)
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12000
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Figure 3.2: A sample trace captured with a delayed pulse of 10 ns, generated from the set
up shown in Figure 3.1 (left) along with the same pulse captured by a 4 GHz oscilloscope
(right).

15

3.2

Digital fast timing

To measure the lifetime of excited states in the

109

Xe decay chain, the timing between the

PSPMT and HAGRiD detectors must be very fast, sub-nanosecond, in order to measure
the predicted value around 1 nanosecond. Due to the sampling frequency only being every
2 ns, other methods have to be used to produce higher precision for the timestamp of the
detectors. One method is a polynomial constant fraction discriminator, introduced by C.
Thornsberry.[22] The concept uses a polynomial fit to find an extrapolated maximum of a
pulse, then to use a fraction of this extrapolated maximum along with a linear fit along the
rise of the pulse to find the phase. Where the phase is given by the time at which the pulse
crosses the threshold. This method is advantageous due to the high resolution in the phase
allowing for sub-nanosecond timing.
Previously, the PolyCFD algorithm was used with Eljen EJ200 plastic scintillators,[20]
which have a very fast rise-time and decay in the resultant pulses.[22] As an implantation
detector, plastic is not dense enough to stop high energy particles from the beam to observe
their decays, leading to the need for other scintillators, such as Yttrium Orthoscilcate, Y2 SiO5
or YSO, or Yttrium Aluminum Perovskite, referred to as YAP. Both of these inorganic
scintillators are considered fast, yet they are both slower than the plastic scintillator used
before. These slower pulses can cause problems in the calculation of the extrapolated
maximum, due to the peak of the pulse not being as sharp. With a less sharp peak,
fluctuations in the top of the pulse are more apparent, leading to errors in the extrapolated
maximum calculation. This became very apparent during the timing tests with YAP crystals,
where the high index of refraction combined with the slower decay time led to noisy pulses
and inaccurate timing calculations.
In Figure 3.3 one can see the significant differences in the rise and decay times between
the plastic and the YAP. Also, the effect from the high index of refraction for the YAP is
seen, where the trace is not smooth. At the peak of this YAP trace, it is clear that the
polyCFD method has problems calculating an accurate extrapolated maximum. With a
smoother trace, the extrapolated maximum would be in a different location, leading to a
different value for the timestamp.
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Figure 3.3: PolyCFD algorithm on a plastic scintillator (left) and YAP scintillator (right).

3.2.1

Fitting Analysis

Other methods were tested in an attempt to produce an accurate phase value from the
YAP scintillator. These methods included using a regular CFD timing algorithm, a fitting
algorithm, and an algorithm that incorporated analyzing the derivative of the trace. None
of these methods were able to produce accurate timing values for the YAP scintillator due to
the number and severity of the fluctuations in the trace. Specifically, the fitting algorithm
was attempted using a similar function that has been previously used to fit plastic traces for
analysis [16].
f (t) = αe−(t−φ)/β (1 − e−(t−φ)

k /γ

)

(3.1)

Where β describes the decay of the trace, γ describes the rise time of the trace, φ is the
phase or how far the trace is displaced in time, and k is an exponent that can be varied
depending on the rise time of the pulse. Because the phase is given as a displacement from
the beginning of the trace, the phase can be defined by different parts of the trace. This
holds as long as the location on the trace is consistent for every individual trace. For the
PolyCFD, the phase is found at some constant fraction of the maximum, but for the fitting
algorithm, the phase is given as the beginning of the leading edge. When using the fitting
algorithm, none of the variables are fixed, allowing for each one to be specific to the trace.
Also, different exponents, given as k in Equation 3.1, were tested to decide which value best
described the rounded top.
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Figure 3.4: Examples of the fitting algorithm for various scintillators, plastic (left), YAP
(middle), YSO (right).
For the plastic scintillator, this exponent, k, is best as 4, but this is not the case for the
YAP and YSO. Figure 3.4 shows how YAP and YSO are not as sharp as the plastic at the
peak, leading for the need of a smaller k value. For both of these scintillators, k = 2 is found
to have the best fit, but still it does not always provide an adequate representation for the
phase. Specifically, for the YAP, the fitting algorithm does not describe the rise time well,
leading to a miscalculation of the phase, even though the fit on the decay is good. On the
other hand, the fit of the YSO is the opposite, where the rise time of the trace is fit better
than the decay. Even when the fitting algorithm does well, like in the case of the plastic,
the PolyCFD algorithm yields better timing.

3.2.2

Two Channel Timing

To find the overall timing resolution of a detector, one has to have a start signal for a
reference, then that time can be compared to the time value from the detector. The timing
resolution then comes from the width of this peak, as it is the ability for the detector to
measure a certain time value precisely. The start signal is an important factor, as the
precision of the system will be affected by both the start signal and the detector of interest.
There are two different ways the timing can be recorded, one where the start signal is a
delta function from an external trigger of a pulser that is then used to create a signal in the
detector. The other uses two detectors, where one is the start signal, then the other is the
stop signal. For this, two simultaneous signals are sent to the different detectors, where the
time difference between the detectors yields the timing resolution for the system. In this
case, the timing resolution for one detector can be found via this method by using two of
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the same detectors with a

60

Co source. Due to the nature of the

60

Co source, two γ rays are

emitted simultaneously. This allows for the source to be placed between the two detectors,
and by gating on the γ rays, the time difference between the two detectors can be found.
The method of using two of the same detectors with a

60

Co source works especially

well with LaBr3 γ ray detectors. These detectors have good energy resolution, allowing
for easy gating on specific γ ray energies. Also, these detectors have well behaved traces,
without fluctuation or noise allowing for the PolyCFD algorithm to perform adequately.
The simultaneous γ rays from

60

Co are created through a cascade in

60

Ni after a β decay.
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Figure 3.5: Energy gating (left) used to measure the timing resolution (right) of 3 in.
LaBr3 detector.
Figure 3.5 shows how one is able to gate on γ ray coincidences, where one detector sees
a γ ray of 1173 keV and the other sees 1332 keV. It is important to make these gates
on the photopeak in the energy spectra, because these peaks are the only guarantee for a
simultaneous signal, allowing for the best measurement of the timing resolution. The timing
resolution of the system is found by taking the time difference between the two detectors,
then the individual detector timing resolution can be found by dividing the system resolution
√
by 2, since the detectors can be considered to be identical.
The time for each detector is calculated through,
t=

φ
+ t0
f

(3.2)

Where φ is the phase calculated using the PolyCFD method, and f is the frequency of the
digitizer, and t0 is the timestamp given to each event by the data acquisition system. The
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Figure 3.6: A phase-phase plot for two 3 inch LaBr3 detectors.
reason why the phase has to be divided by the frequency is because the phase is calculated
using the trace in bins, rather than the trace converted to time, allowing for quicker trace
analysis. Due to the importance of the phase in this calculation, generally a phase-phase plot
is given to show the timing of the system [16]. In a phase-phase plot, there is expected to be
multiple lines coming from different timestamps, so when the time difference is calculated, the
multiple lines are condensed into a singular peak. These multiple lines are shown in Figure 3.6
for the two LaBr3 detector system. The width of these lines are used to represent the timing
resolution of the system, as long as the lines are straight and of uniform distribution.
This same two channel timing method can then be applied to find the timing resolution
for the PSPMT detectors with a scintillator. The problem then arises of finding two of the
same scintillators, since they are expensive. To counter this problem, one scintillator can be
coupled to both PSPMT detectors, such that when an interaction occurs in the scintillator
the light will propagate to both detectors. For large scintillators, such as those used for
neutron detection, the time difference for the two detectors is dependent on the location of
the interaction with the bar, because the light will take longer to propagate to one detector
if the interaction occurs close to the other detector. To test the timing resolution, smaller
scintillators can be used that limit this effect since the difference between the distance to
each detector would be small. In this case, any test source can be used as the timing comes
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Figure 3.7: Demonstration of the walk in the timing resolution for plastic scintillators on
PSPMT.
from the light creating from the interaction, which spreads equally in each direction. This
eliminates the need for two different, simultaneous, signals that travel in opposite directions.
Using one scintillator is also advantageous because there is no need to gate on
specific energies, since every coincidence measurement should see the same energy in both
detectors, but this is not always the case. Because of this, when making timing resolution
measurements, a gate is applied on higher energies for both detectors, allowing for noise and
background to be cut out. The only available scintillators with two open sides were YAP and
plastic, since the YSO scintillator used for other measurements has reflective material on the
outside faces, helping to reduce the light being able to escape from the scintillator. Since
the plastic traces are better characterized, the timing resolution with the plastic scintillator
is also much better, yielding a value of 411 ± 3 picoseconds (ps). In the timing resolution a
walk can be seen, where as the QDC, given as the integral of the waveform, increases, the
time difference moves, as shown in Figure 3.7. This can be easily corrected using a linear
relation and straightening the time difference.
The YAP scintillator produced a timing resolution of approximately 1 ns, which
is significantly worse than the timing resolution from the plastic scintillator.

This

underwhelming result stems from the inability to properly characterize the traces from the
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YAP scintillator. In this test, the YAP scintillator used was a 1 cm3 cube, where two
opposing faces are coupled to PSPMTs. For each detector, the resulting pulses were small,
around 50 mV, and since the digitizer is able to process signals up to 2 V, an amplifier was
implemented. The amplifier allows for larger signals, so the fluctuation in the pulses can be
better identified. Also, the amplifier has a frequency filter, which can be used to try and
eliminate the small fluctuations in the signal. The frequency filter of the amplifier did not
have a large effect on the overall timing of the system, but the larger signals did help slightly.
In the upcoming experiment, the timing resolution between the LaBr3 detectors and the
PSPMT needs to be very fast in order to measure certain lifetimes. Following from before,
this was tested with a

60

Co source between the two detectors, where the PSPMT has a

segmented YSO scintillator coupled to the face. With the LaBr3 detector, an energy gate
can be applied to the two photopeaks, then a high QDC gate is applied to the PSPMT
correlated events. When applying the gates, the timing resolution was found to be 667 ± 14
ps when using an amplifier for the PSPMT signal, but when the amplifier was removed, the
timing resolution fell to 652 ± 12 ps. This slight change in resolution can stem from the
slight delays in the amplifier and the slight changes the amplifier has on the pulse.

3.3

Dynamic Range Testing

Using fragmentation facilities, such as RIKEN RIBF, a radioactive ion beam implants into a
detector. For the proposed experiment, the implantation detector will be the PSPMT that
has been tested earlier. It is expected that the particles from the beam will implant onto
the detector at around 345 MeV per nucleon. This large energy will create a large pulse in
the detector, but with the short lifetimes of nuclei of interest, another decay will need to
be seen shortly after this implantation. To test this, a laser was directed at the PSPMT to
create a large signal. Then a second, smaller, pulse was delayed from the external trigger of
the laser and sent to a diode. Figure 3.8 shows the result of this test, where the secondary
pulse is able to be as close as 140 ns after an implant.
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Figure 3.8: The PSPMT demonstrates the ability to measure a smaller, secondary pulse
as soon as 140 ns after a large inital pulse.
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Chapter 4
Conclusions
One of the first radioactive decays found and tested was α decay, where there have been
many theories that have been able to provide an explanation for how the particle is emitted
from the nucleus, specifically those produced by Gamow [4] and Gurney and Condon [6]
which lay the framework for a tunneling α particle through the nuclear potential barrier.
Even with these theories, there is still not an accepted theory for how the α particle is formed
within the nucleus. Recent suggestions have included various methods from the formation
being a byproduct of nuclear deformation [26] to the clustering of nucleons coming from the
coupling to a specific decay path [14].
Experimentally, it is very difficult to provide evidence that can support a theory for how
the α particle forms in the nucleus, but recently many experiments have begun to probe
the

100

Sn region of the chart of nuclides. This allows for insight into how the different

energy levels of protons and neutrons may affect their interactions and the decays of nuclei,
also different theories on how the magic numbers influence decays can be tested. These
experiments have found that there is an increased α particle preformation for decays of nuclei
near

100

Sn when compared to similar nuclei near

208

Pb [10]. A very recent experiment was

able to measure the decay chain of 108 Xe down to 100 Sn, providing insight to a very increased
preformation factor for 104 Te, indicating the possibility of proton-neutron interactions having
a large impact on how the α particle is formed.
The recent experiment provided results but had very low statistics [2]. Due to this, an
experiment was approved to study the same decay chain, but this time with a different
24

detector and alongside fast γ ray detectors. α decays in this region are extremely fast, under
18 ns, so the detector system has been thoroughly tested to ensure it will be able to measure
the decays. Using simulated pulses, a 500 MHz digitizer demonstrated the ability to see
pileup signals at 10 ns difference. After testing multiple different scintillators coupled to
a position-sensitive photomultiplier tube, it was found that the Y2 SiO5 scintillator is the
most versatile. It yields fast timing resolution and is dense enough to be used as an implant
detector. When paired with the LaBr3 γ ray detectors, the system yields a fast timing
resolution of 652 ± 12 ps, which allows for the possibility of measuring lifetimes of excited
states in nuclei neighboring

100

Sn. To achieve this fast timing resolution the polynomial

constant fraction discriminator (PolyCFD) method has to be implemented. After testing,
the detector system should have the ability to measure the fast decays in the approved
experiment.
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[27] Xu, C., Ren, Z., Röpke, G., Schuck, P., Funaki, Y., Horiuchi, H., Tohsaki, A., Yamada,
T., and Zhou, B. (2016). α-decay width of
approach. Phys. Rev. C, 93:011306. 11
29

212

Po from a quartetting wave function

[28] Zelevinsky, V. and Volya, A. (2017). Physics of Atomic Nuclei, pages 502–503. John
Wiley and Sons, Inc., Hoboken, NJ. 2

30

